Introduction {#Sec1}
============

Zinc oxide (ZnO) is a versatile functional material which is chemically stable, non-toxic and environment friendly. ZnO exhibits excellent properties such as wide band gap (3.37 eV), large exciton binding energy (60 meV), high transparency, high electron mobility and strong room temperature photoluminescence \[[@CR1], [@CR2]\]. As ZnO nanoparticles also show antimicrobial activity they are being impregnated into textile fibers for mask preparation in the current difficult times of COVID-19 pandemic. Hexagonal wurtzite structure of ZnO facilitates a diverse group of morphological nanostructures such as nanorods, nanowires, nanotubes, nanocombs, nanosprings, nanocages, nanohelices, nanoflowers (NFs) etc. \[[@CR3]--[@CR5]\]. These extraordinary properties of ZnO, make it one of the most studied material in nanotechnology. Nanostructured ZnO is currently receiving attention for device fabrication also due to its superior physical and chemical properties. Gas sensing and photocatalytic activity of ZnO nanostructures can be tuned by varying its morphology \[[@CR6]\]. A variety of methods have been adopted for the synthesis of nano/micro structured ZnO such as: hydrothermal method for ZnO NFs \[[@CR6]--[@CR10]\], microwave-assisted hydrothermal method for the growth of ZnO nano/micro structures \[[@CR11]\], citric acid-assisted hydrothermal method for flower-like ZnO nanostructures \[[@CR12]\], modified sol--gel method and solution plasma method for ZnO NFs \[[@CR13]\], ultrasonic-assisted co-precipitation method for nanosheet based ZnO hierarchical structure \[[@CR14]\] and ultrasonic-assisted hydrothermal method for flower-like nano ZnO \[[@CR7]\], Ga doped ZnO nanorods \[[@CR15]\], alpha-FeOOH flowers \[[@CR16]\] and ZnO microstructures \[[@CR17]\]. Hydrothermal method has also been used for the growth of ZnO nanoflowers on Si \[[@CR18]\] and FTO \[[@CR19]\] substrate. Ultrasonic treatment affects the morphology and facilitates the crystallization of ZnO. It has been reported that the ultrasonic treatment induces acoustic cavitation in liquid which forces many kinds of chemical reactions that may not take place otherwise viz. homogenous dispersion of species such as zinc ion, decomposition of H~2~O into H^·^ and OH^·^ radicals etc. \[[@CR7]\]. Flower-like ZnO nanostructures render excellent performance in gas sensing and photocatalytic degradation due to high surface area and large surface defects \[[@CR8], [@CR20]\]. Exhibition of superior photocatalytic activity in the degradation of Rhodamine B is one such example \[[@CR21]\]. The ZnO NFs assembled by nanoplates exhibited the better gas-sensing performance as compared to the nanoparticles and nanoplates due to high specific area and abundant spaces for gas diffusion \[[@CR9]\]. The hydrothermal growth of ZnO NFs into teflon-lined stainless steel autoclave in the temperature range 100--200 °C is most widely reported \[[@CR6]--[@CR10], [@CR17], [@CR20], [@CR22]\]. The Teflon-lined stainless steel autoclave is quite expensive. A simple, cost effective, synthesis of ZnO nanostructures at low temperature avoiding toxic/hazardous chemicals or by-products is most challenging. For this reason, we have demonstrated the hydrothermal growth of ZnO nanostructures in a low-cost Borosil autoclave bottle at low-temperature (95 °C).

Herein, flower-like ZnO nanostructure has been grown by ultrasonic-assisted hydrothermal method without the assistance of any template, substrate or seed layer and elucidated in terms of their structural, morphological, optical and photoluminescence properties. Such NFs due to their increased surface area are promising nanostructures for application in the field of environment related devices, inhibitor to *E. Coli* bacteria, non-enzymatic glucose sensor \[[@CR23]\]. The morphologies and surface area of the ZnO nanomaterials are reported to have a strong impact on the antibacterial properties as the catalysis of radical formation occurs on the nanomaterials surfaces \[ [@CR23], Ref. [@CR9], [@CR15] cited therein\].

Experimental {#Sec2}
============

A schematic diagram describing step-wise synthesis of ZnO NFs using ultrasonic-assisted hydrothermal method is shown in Fig. [1](#Fig1){ref-type="fig"}. In a typical synthesis process, 0.1 M solutions of zinc nitrate hexahydrate \[Zn(NO~3~)~2~·6H~2~O, (99.99% pure, SD Fine Chem. Ltd.)\] and hexamethylenetetramine \[HMT(C~6~H~12~N~4~), (99.50% pure, Merck KGaA, Germany)\] were prepared separately in deionized water using magnetic stirring for 30 min and named as solution A and solution B, respectively. Solution B was added drop wise in the solution A and mixed through a sonication process in ultrasonic water bath (Ultrasonic cleaner, LABMAN-40 kHz) at 50 °C for 30 min. The sonicated solution (A + B) was magnetically stirred and aged for 3 h at room temperature to achieve a homogenous solution. For hydrothermal reaction, the obtained solution was transferred to autoclave bottle, sealed and maintained at 95 °C for 4 h in muffle furnace. Then the autoclave bottle was naturally cooled to room temperature. A white precipitate settled at the bottom of the autoclave bottle. The supernatant solution was separated carefully and remaining white precipitate was washed three times with deionised water and ethanol to remove possible impurities and then dried in air at 60 °C.Fig. 1Schematic diagram for the ultrasonic-assisted hydrothermal growth of ZnO NFs

The successfully synthesized ZnO sample was characterized for its surface morphology and size using FESEM (Model-JEOL) for an accelerating voltage of 25 kV and 14.40 mm working distance. The crystallographic and structural properties were studied using X-Ray diffractometer (Model-Rigaku Ultima IV) for 2θ values ranging from 20° to 90° using CuK~α~ radiation (λ = 1.540598 Å). The absorption spectrum has been recorded using UV--Vis spectrophotometer (Model-V670, Jasco). The photoluminescence spectrum has been recorded using fluorescence spectrometer (Model LS-55, Perkin Elmer) for excitation wavelength 325 nm obtained from a 20 kilowatt xenon discharge lamp. All these measurements have been done at room temperature.

Results and discussion {#Sec3}
======================

Surface morphology {#Sec4}
------------------

The surface morphology of the synthesized ZnO sample is shown in Fig. [2](#Fig2){ref-type="fig"}. The FESEM image reveals the formation of flower-shaped ZnO nanostructure assembled with radially oriented nanorods. Notable thing is that the NFs are constituted by the accumulation of several hexagonal-shaped nanorods. The length and diameter of individual nanorods are estimated to be about 100--150 nm and 30--70 nm, respectively. The ZnO nanorods arrangement is like flower-petals originating from the centre in such a spherical shape that they exhibit perfect flower-like morphology. It is observed that each flower is flanked by many other flowers on all sides indicating a high yield of NFs during synthesis. Also during the FESEM analysis at low magnification, we had observed the morphology of the entire sample at different locations and found that whole sample is adorned with the flower-like structure. The chemical methods provide large yields as compared to the physical methods because there is no loss of reactants during chemical reaction.Fig. 2FESEM image of the ZnO NFs

The basal polar plane (0001) of ZnO has surface energy higher compared to the non-polar {0110} and {2110} planes and this leads to anisotropic growth. In thermodynamic equilibrium the facet with higher surface energy has smaller area and therefore growth along c-axis is favored for ZnO \[[@CR24]\]. However, an excess of OH^−^ restrains such growth and fuels the sideways growth resulting in nanosheets. Thus the solvent providing hydroxide ions affects the growing nanostructure. Under hydrothermal condition, growth of ZnO crystals depends upon direction and is maximum for (0001) \[[@CR25]\] especially in the presence of HMT which acts as a shaping surfactant also besides being buffer. Nanorods with hexagonal cross-section arise to minimize the surface energy by maintaining the crystal structures. When the growing phase boundaries touch each other, a base structure is formed and growth along radial direction predominates leading to nano-rods-flower-like structures \[[@CR26]\].

The nano-rods-flower morphology obtained here is expected to show better photocatalytic property as compared to that shown by nano-sheets-flower because nanorods, being one dimensional nanostructure exhibit superior electrochemical properties due to their dimensional anisotropy i.e. due to the presence of zinc terminated and oxygen terminated polar facets with high surface energy. Also the larger surface area of hexagonal rods increases the number of electron and holes on the active sites which exists on the surface, resulting in higher activity \[[@CR27]\]. Similar finding about graphitic carbon nitride is reported in literature \[[@CR28]\] where photocatalytic activity and photocurrent for nanorods under visible light were approximately 1.5 and 2.0 times respectively as compared to those for nanoplates. This was again due to increase in active lattice facets.

Some nanoflowers reported in literature are mentioned here. ZnO NFs having petals with length and width 200--400 nm and 100--200 nm, respectively composed of assemblies of smaller nanocrystallites have been synthesized on Si substrate by the hydrothermal method \[[@CR18]\]. ZnO NFs constitute of nanorods having length and diameter about 234--347 nm and 77--106 nm, respectively had been synthesized by the hydrothermal process \[[@CR6]\]. The flower-like ZnO materials composed of interacted nanosheets with an average thickness of 5 nm had been synthesized by solution route at room temperature \[[@CR29]\]. Flower-like ZnO having 200--500 nm petals composed of nanoparticles and floral assemblies of ZnO nanorods with diameters 100--500 nm had been synthesized by a hydrothermal method \[[@CR8]\]. 3D flowerlike ZnO arrays were fabricated by combining laser direct writing and hydrothermal method in which a single nanoflower is composed of many thin nanopetals having thickness of 100 nm \[[@CR21]\].

Structural {#Sec5}
----------

The XRD pattern of the syntheised ZnO NFs exhibits peaks along (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), (202) and (104) planes, as shown in Fig. [3](#Fig3){ref-type="fig"}, which confirm the formation of hexagonal wurtzite structure of ZnO with polycrystalline nature. The major peaks are along (100), (002) and (101) planes and preferred orientation is along (101) plane. The sharpness of the diffraction peaks indicates good crystallinity of the synthesized ZnO nanostructures.Fig. 3XRD pattern of the ZnO NFs

The absence of any other diffraction peak corresponding to Zn, Zn(OH)~2~ or other ZnO phase confirms the formation of ZnO with pure hexagonal phase. The crystallite size t~DS~ is estimated using well known Scherrer equation t~DS~ = 0.9λ/(β cosθ), where λ (= 1.540598 Å) is the wavelength of CuK~α~ radiation and β is the full width at half maximum (FWHM) of the peaks along (hkl) planes. The crystallite size corresponding to major peaks lies between 55 and 59 nm. The lattice constants 'a' and 'c' are calculated using the relation a = (2/√3)d~(100)~ and c = 2d~(002)~ \[[@CR30]\] and are very near to those of bulk ZnO (a = 3.249 Å and c = 5.205 Å), Table [1](#Tab1){ref-type="table"}.Table 1Crystallite size, lattice constants and strain of the ZnO NFs with rod-like petalsSamplet~DS~ (nm)Lattice constantsStrain ε (× 10^−3^)(100)(002)(101)a (Å)c (Å)c/a(100)(002)(101)ZnO NFs58.5357.1955.103.2485.2011.6012.162.052.02

The variation in lattice parameter compared with strain-free ZnO powder is clear evidence of the presence of strain in the sample. The strain due to crystal imperfection and distortion is calculated using the Wilson formula \[[@CR31]\] β = 4εtanθ, where β, θ and ε are FWHM, diffraction angle and strain corresponding to specific (hkl) plane. The estimated strain values are given in Table [1](#Tab1){ref-type="table"}. As the sample here is substrate-free and in powder form so the question of lattice mismatch does not arise and the strain present can be attributed to the defects viz. zinc or oxygen vacancies during formation of the nanoflowers. In an ideal stoichiometric wurtzite structure the c/a ratio is 1.633. The sample, here, shows significantly smaller c/a ratio, which also indicates the presence of defects.

XRD patterns for nanosheets and randomly oriented nanorods are similar to each other showing several diffraction peaks which are well known to be indicative of polycrystalline structure whereas vertically aligned nanorods and single crystalline thin films show only one peak, (002) in case of ZnO.

Absorption and optical band gap {#Sec6}
-------------------------------

The synthesized flower-like ZnO nanostructured powder was dispersed in ethanol in order to record the UV--Vis absorption spectrum. The absorption spectrum obtained here, Fig. [4](#Fig4){ref-type="fig"}a, illustrates a strong absorption peak in the UV region at around 395 nm which is a characteristic peak of ZnO \[[@CR32]\]. Absorption peak near 380 nm for ZnO NFs may be attributed to the intrinsic band gap absorption of ZnO due to the direct transition of electrons between the valance band and conduction band \[[@CR8], [@CR29]\]. Zhang et al. \[[@CR12]\] observed absorption peaks at 373 nm, 372 nm and 367 nm corresponding to flower-like, disk-like and nanoflower of nanorod-like petals respectively where the ZnO nanostructures were synthesised using citric acid assisted hydrothermal method. Umar et al. \[[@CR10]\] and Mousavi et al. \[[@CR13]\] reported absorption peaks for ZnO NFs at 375 nm and 355.5 nm synthesized by hydrothermal and modified sol--gel method, respectively.Fig. 4**a** UV--Vis absorption spectrum of ZnO NFs in the wavelength range 350--800 nm and **b** first derivative of the absorbance with respect to wavelength. Inset of **a** the Tauc's plot and that of **b** enlarged view of the peak corresponding to optical band gap

The UV--Vis absorption data is used to estimate the optical band gap of ZnO by two different approaches. Firstly extrapolating the linear portion of Tauc's plot ((αhν)^2^ vs hν, where α is the absorption coefficient and hν is the photon energy) to the zero ordinate \[[@CR30]\], shown in the inset of Fig. [4](#Fig4){ref-type="fig"}a. The dashed line represents the extrapolation of the linear region of Tauc plot, the solid curve. The optical band gap of the ZnO NFs is determined to be 3.26 eV. In the second method \[[@CR33], [@CR34]\] optical band gap is estimated from the peak position of the curve in the plot (dA/dλ) vs λ, where dA/dλ is the first derivative of the absorbance with respect to the wavelength λ, Fig. [4](#Fig4){ref-type="fig"}b. The dominant peak corresponding to optical band gap, Fig. [4](#Fig4){ref-type="fig"}b, is observed at 381 nm (3.25 eV). The optical band gap estimated from both methods is nearly same and is smaller than that for bulk ZnO (3.37 eV). Such a red shift in band gap value compared to that for bulk material may be attributed to planar defects like stacking faults, twin boundaries and intrinsic defects found in ZnO \[[@CR35]\]. The optical band gap reported earlier by different researchers is 3.23 eV, 3.40 eV and 3.27 eV for ZnO NFs synthesized by hydrothermal \[[@CR6]\], modified sol--gel \[[@CR13]\] and solution route \[[@CR29]\] method, respectively. The optical band of ZnO nanostructures with different morphologies as nanoflower, nanorods, nanoprisms and nanopyramids using microwave irradiation has been estimated as 3.47 eV, 3.48 eV, 3.45 eV and 3.43 eV, respectively \[[@CR5]\].

Photoluminescence {#Sec7}
-----------------

The room temperature photoluminescence (PL) emission spectrum of the ZnO NFs recorded with an excitation wavelength of 325 nm is shown in Fig. [5](#Fig5){ref-type="fig"}. The PL spectrum exhibits a near-band-edge emission (NBE) related UV emission and deep-level emission (DLE) related visible emission. The UV emission centered at 384 nm originates from the radiative recombination of free exciton--exciton collision process in ZnO \[[@CR36]\]. The energy of UV emission from our ZnO NFs agrees well with those reported by earlier workers for the ZnO nanostructures grown by hydrothermal method \[[@CR37]\]. UV emissions at 380 nm \[[@CR26]\], 382 nm \[[@CR38]\], and 392 nm \[[@CR6]\] have also been reported for flower-shaped ZnO nanostructures. Further, three peaks correspond to visible emission centered at 435 nm (violet emission), 471 nm (blue--green emission) and 512 nm (green emission). A shoulder at 561 nm (yellow emission) is also observed. The UV emission peak is more intense in comparison with other detected peaks indicating the good crystalline quality of ZnO NFs.Fig. 5PL spectrum of ZnO NFs using excitation wavelength of 325 nm

Intrinsic defects such as oxygen vacancy (V~O~), zinc vacancy (V~Zn~) and zinc interstitial (Zn~i~) are responsible for emissions in the visible region of the electromagnetic spectrum. The radiative transitions involving the energy levels of the defects within the band gap describe the source of defect-emission or visible-emission. The violet emission can be assigned to transition of an electron from a shallow donor level of neutral Zn~i~ to the top level of the valence band and the blue-green emission may be related to an electron transition from the shallow donor level of Zn~i~ to an acceptor level of neutral V~Zn~ \[[@CR39]\]. The green emission can be considered to correspond to oxygen vacancies (V~O~) which are easily formed due to low formation enthalpy \[[@CR40]\]. The yellow emission is most common in the hydrothermal growth of ZnO due to the presence of hydroxyl groups \[[@CR4]\]. It has been reported earlier that visible emission related to the defect states from the ZnO NFs were negligible compared to UV emission \[[@CR6]\]. Wahab et al. \[[@CR26]\] reported dominant UV emission at 380 nm and a suppressed broad band emission at 515 nm for ZnO NFs achieved by the solution process.

Conclusion {#Sec8}
==========

In conclusion, ZnO nano-rods-flowers (NFs) are successfully synthesized with large yield using ultrasonic-assisted hydrothermal method. Moreover, assistance of any template, substrate or seed/buffer layer has not been taken. A simple change i.e. use of inexpensive Borosil autoclave bottle instead of Teflon-coated one provides much economic way to synthesize ZnO NFs/nanostructures with good crystalline quality at low temperature of 95 °C. ZnO NFs, here, show a hexagonal wurtzite phase preferentially oriented along the (101) plane. The optical band gap by two different methods is found to be \~ 3.26 eV. Photoluminescence study of the ZnO NFs shows UV, violet, blue-green, green and yellow emissions and provides an evidence for the existence of defect states. Thus large yield of good-quality ZnO NFs with a band gap tuning of 110 meV with respect to bulk ZnO has been obtained which is a nanostructure comprising of nanostructures (nanorod petals). The significantly high surface area, high crystalline quality and surface defects of ZnO nano-rods-flowers make it more suitable as compared to nano-sheets-flowers for potential applications in various fields especially in gas sensing, antimicrobial activity, non-enzymatic glucose sensor and photodegradation.
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